The conventional analysis of enzyme evolution is to regard one single salient feature as a measure of fitness, expressed in a milieu exposing the possible selective advantage at a given time and location. Given that a single protein may serve more than one function, fitness should be assessed in several dimensions. In the present study we have explored individual mutational steps leading to a triple-point-mutated human GST (glutathione transferase) A2-2 displaying enhanced activity with azathioprine. A total of eight alternative substrates were used to monitor the diverse evolutionary trajectories. The epistatic effects of the mutations on catalytic activity were variable in sign and magnitude and depended on the substrate used, showing that epistasis is a multidimensional quality. Evidently, the multidimensional fitness landscape can lead to alternative trajectories resulting in enzymes optimized for features other than the selectable markers relevant at the origin of the evolutionary process. In this manner the evolutionary response is robust and can adapt to changing environmental conditions. Key words: epistasis, evolutionary trajectories, fitness landscape, multivariate data analysis, protein evolution, substrate selectivity.
INTRODUCTION
Attention has been directed to mapping the pathways of protein evolution on the basis of point mutations that become selected by providing an increased selective advantage. An example is the evolution of the antibiotic resistance enzyme TEM-1 β-lactamase, which has been traced in five consecutive steps, leading to the conclusion that only few trajectories are available to Darwinian evolution in the fitness landscape [1] . Recently, it was further suggested that the initial mutations will govern the direction of the evolutionary pathways owing to the dependence of the fitness effect of a mutation on the genetic background [2] . Such epistasis may work by affecting the type and order of mutations to be fixed in evolution. This effect is particularly strong under 'sign epistasis', by which the fitness effect of a mutation is either positive or negative depending on its genetic background. The latter study reported that alternative mutational pathways towards highly resistant variants of TEM-1 β-lactamase developed under cefotaxime selection when the evolution experiments were started with different TEM-1 alleles [2] . The conclusion was that sign epistasis between alternative initial substitutions may force evolution to follow different mutational pathways.
In a broader perspective of enzyme evolution, the focus on only one single salient feature, such as resistance to cefotaxime, as a measure of fitness may be too simplistic. The selectable phenotype has to be expressed in a milieu that will display the possible advantage at a given time and location. Given that a single protein may serve more than one function, it is obvious that fitness must be assessed in several dimensions. It is also noteworthy that enzyme evolution often proceeds via intermediates characterized by catalytic promiscuity.
Functional promiscuity is particularly prominent in detoxication enzymes such as GSTs (glutathione transferases), which are involved in the biotransformation and inactivation of innumerable mutagens and other electrophilic compounds [3] . In the present study we have investigated the alternative trajectories from the wild-type human GST A2-2 leading to a triple-point mutant with enhanced catalytic efficiency with Aza (azathioprine) [4] by monitoring the activities with eight alternative substrates. Thermostability and expressivity of the enzyme protein that are other variables of significance to evolution [5] [6] [7] [8] were further investigated. Epistatic effects were noted and found to be differentially dependent on the evolutionary variable analysed. Evidently, the multidimensional fitness landscape can lead to alternative outcomes yielding enzymes optimized for other features than the selectable markers that were relevant at the origin of the evolutionary process. Switching to an alternative substrateactivity dimension will allow further Darwinian evolution of the enzyme and thus provide a facile response to changing environmental conditions.
EXPERIMENTAL

Materials
Pfu DNA polymerase and DpnI restriction enzyme were purchased from Stratagene and Fermentas respectively. QIAquick gel-extraction kit was from Qiagen. Oligonucleotides used were ordered from Thermo Fisher Scientific. Escherichia coli XL1-Blue cells obtained from Stratagene were used for protein expression. All of the chemical substrates were purchased from Sigma-Aldrich, except cumene hydroperoxide and AD ( 5 -androstene-3,17-dione), which were from Fluka and Steraloids respectively.
Assays of GST activities
Steady-state kinetics were investigated by established procedures under experimental conditions summarized in Supplementary Table S1 (at http://www.BiochemJ.org/bj/445/bj4450039add.htm).
Abbreviations used: AD, 5 -androstene-3,17-dione; Aza, azathioprine; CDNB, 1-chloro-2,4-dinitrobenzene; CuOOH, cumene hydroperoxide; DiEt, 1,2-diiodoethane; EA, ethacrynic acid; ESP, electrostatic potential; GST, glutathione transferase; A2*E, GST A2-2*E; MD, molecular dynamics; Non, nonenal; PCA, principal component analysis; PEITC, phenethyl isothiocyanate; pNPA, p-nitrophenyl acetate; vdw, van der Waals. 1 To whom correspondence should be addressed (email Bengt.Mannervik@kemi.uu.se).
Kinetic parameters were determined by fitting the MichaelisMenten equation to the experimental data by means of nonlinear regression.
Construction of intermediate mutants along the mutational trajectories towards the most active mutant after directed evolution
Site-directed mutagenesis using the QuikChange (Stratagene) approach was applied to generate all of the required mutants along the mutational trajectories. The details of the oligonucleotides used in the generation of the mutants can be found in Supplementary Table S2 (at http://www.BiochemJ.org/bj/445/ bj4450039add.htm).
Protein expression and purification
The GST A2-2 variants with a His 6 tag at their N-terminus were expressed in E. coli XL1-Blue cells and rapidly purified using IMAC (immobilized metal-ion-affinity chromatography) on histidine GraviTrap columns (GE Healthcare). The final enzyme yields were >5 mg/l of culture for all of the enzyme variants investigated, whereas the highest yield after purification was given by wild-type GST A2-2 with a value of >16 mg/l of culture.
Computational prediction of protein stability changes upon mutations
Using the computational tool FoldX (3.0 beta 4) [22] , the effects of the mutations on thermostability ( G folding ) were calculated as described by Tokuriki et al. [9] . In short, after subjecting the threedimensional structure of human GST A2-2 in complex with GSH (PDB code 2WJU) for optimization, the structure corresponding to the allelic variant A2*E (GST A2-2*E) was generated by the BuildModel function of FoldX. The A2*E structure was then used as a pseudo wild-type input for the modelling of other variants along the trajectories. Energy calculations were performed so that the changes in the Gibbs free energy of folding relative to A2*E were computationally determined. Realistic energy values were determined by fitting the normalization equation G experiment = ( G FoldX + 0.078)/1.14 to the predicted data [9] .
Changes in the protein levels of enzyme variants overexpressed in E. coli
To explore the correlation between activity and expressivity, Western blotting was applied to determine GST's expression level and variance for all variants along the mutational trajectories. Briefly, freshly prepared transformants harbouring the expression plasmids for each variant were cultured as described above to obtain lysate. The total protein concentration was determined by the Bradford assay (Bio-Rad Laboratories) using BSA as a standard. Protein lysates (1.5 μg per lane) were subjected to SDS/PAGE (12.5 % gel) and then transferred on to nitrocellulose membrane (GE Healthcare). After preblocking the membrane with 5 % non-fat milk in Tris-buffered saline (pH 7.4) with 0.05 % Tween 20, the membrane was probed with rabbit polyclonal antibodies [10] recognizing human GST A2-2 (1:500 dilution). Following washing with 5 % non-fat milk, the membrane was incubated with goat anti-rabbit IgG (H + L)-HRP (horseradish peroxidase) conjugate (1:3000 dilution; Bio-Rad Laboratories), washed, and detected by ECL (enhanced chemiluminescence) Western blotting detection reagents (GE Healthcare). Relative optical intensities of the engineered enzyme variants to that of a purified GST A2-2 as a standard were calculated for comparison.
MD (molecular dynamics) simulations
The substrate Aza was parameterized, since the AMBER99 force field [11, 12] lacks a full parameterization of this species. The dihedrals, angles, bonds and vdw (van der Waals) parameters were based on the AMBER99 [11, 12] and OPLS (Optimized Potentials for Liquid Simulations) force fields [13, 14] . Atomic point charges were calculated with the GAUSSIAN software package following the methodology used in the AMBER99 force field through the fitting of the HF/6-31G* electrostatic potential to atomic point charges using the ESP (electrostatic potential) [RESP (restrained ESP)] algorithm. The MD simulations and the subsequent analyses were carried out using the Gromacs software package conjugated with the Amber99 force field [15, 16] . All of the enzyme molecules were solvated with ∼17 000 SPC (single point charge) waters [17] , and then were submitted to 100 steps of steepest descent energy minimization to remove bad contacts between the solvent and the protein. Subsequently, the system was equilibrated for 200 ps, maintaining the protein atoms restrained by weak harmonic constraints to allow for the structural relaxation of the water molecules. The initial MD simulations were run for 5 ns with a time-step of 0.002 ps, the trajectories being saved at each 1 ps. The final MD simulations, subsequent to docking, were run for 20 ns, with a time-step of 0.002 ps, and the trajectories saved at each 1 ps.
Molecular docking
The Aza substrate was docked into mutant GDH using the software AutoDock 4.0 with the Lamarckian genetic algorithm [18] . The grid map was centred on the G-and H-site active centres. The number of docking runs per enzyme was 150. The most relevant docking result was subjected to an MD simulation run.
RESULTS
A systematic study of every three-step mutation trajectory towards the GDH variant of GST A2-2
In a previous study, we integrated the assumed reaction mechanism and molecular docking into a semirational enzyme engineering approach and generated an active-site mutant library of high quality [4] . In the subsequent screening of the focused mutant library for an enzyme with enhanced catalytic efficiency with the prodrug Aza, we found a triple mutant (GDH) of human GST A2-2*E with 70-fold elevated activity over the wild-type [4] . The mutant GST had the following amino acid substitutions in the active site: L107G, L108D and F222H. Separated into three one-step mutations in protein sequence space, six dissimilar trajectories via six different intermediates could theoretically lead to GDH. All of the intermediate mutants were constructed, heterologously expressed, purified and used for the characterization of their functional properties.
The complete set of enzyme variants along the alternative trajectories was assayed with alternative electrophilic GST substrates undergoing diverse chemical transformations: Aza and CDNB (1-chloro-2,4-dintrobenzene)/aromatic substitution; DiEt (1,2-diiodoethane)/alkyl substitution; PEITC (phenethyl isothiocyanate)/dithiocarbamoylation; Non (nonenal) and EA (ethacrynic acid)/Michael addition; pNPA (p-nitrophenyl acetate)/transacetylation; CuOOH (cumene hydroperoxide)/ reduction; and AD/double-bond isomerization. Figure 1 shows the mutational trajectories leading from the parental enzyme GST A2-2*E to mutant GDH accompanied by progressively enhanced activity with Aza. The histograms show the change in catalytic efficiency (k cat /K M ) of every mutant for each substrate as compared with A2*E [plotted as ln(k cat /K M(mut) )/(k cat /K M(A2*E) )]. Figure 1 shows that, within experimental error (10 %), five trajectories increase monotonically to reach the 70-fold-enhanced Aza activity; the sixth shows a plateau in the transition from the intermediate iH to intermediate iGH. Thus at least five trajectories would be accessible for step-by-step Darwinian evolution, provided that the increments in Aza activity would give significant selective advantage. We will return to the issues of expressivity and stability of the mutants.
Even though essentially all mutations introduced along the separate pathways enhanced catalytic efficiency with Aza, the enhancement achieved by different mutations was due to the different effects on the kinetic parameters. Replacement of Leu 107 by a glycine residue contributed to a mild detrimental effect on the k cat value, but led to better recognition of Aza, lowering the K M value from 3.1 to 1.2 mM. The gain in catalytic efficiency of L108D and F222H mutants was largely due to the improvement in their k cat value by factors of 2.2 and 4.0 respectively. The final mutant GDH, derived from combination of the three singlepoint mutations led to an overall 70-fold improvement in catalytic efficiency, achieved by 11.4-fold enhancement of its k cat value along with a 6.2-fold decrease in the K M value. It is not uncommon in enzyme evolution that increased activity with the selected substrate is accompanied by decreased activity with alternative substrates. In the present case of the GDH mutant, four substrates (CDNB, pNPA, CuOOH and DiEt) reacted with lower catalytic efficiencies ( Figure 1 ). The most pronounced changes of relative activities were a 700-fold increase in the substrate selectivity of Aza compared with CDNB and a 1400-fold-enhanced Aza, compared with pNPA, activity respectively, achieved by the three-point mutations in GST A2-2*E. The underlying causes were different; primarily a 7-fold increased K M value for CDNB and a 30-fold decreased k cat value for pNPA.
Alternative substrates present dissimilar activity trajectories for the same mutational path in sequence space Figure 1 shows the differential effects of the mutations on the catalytic activities determined with alternative substrates. The efficiencies with some substrates (CDNB, pNPA and CuOOH) are lower than the wild-type values of A2*E in all of the mutants, whereas other substrates (PEITC and EA) like Aza give higher values with most mutants. Figure 2 shows the six alternative trajectories from A2*E to GST A2-2*GDH monitored with the four substrates giving the highest activities (the additional trajectories are left out for clarity of presentation). Each substrate governs a projection from the nine-dimensional trajectory explored in a limited segment of sequence space. Aza shows a monotonic increase in catalytic efficiency, as stated above, whereas PEITC activity shows enhanced efficiency with local optima along some paths. By contrast, CDNB displays monotonically decreased activity along all trajectories, whereas DiEt activity has both maxima and minima. Clearly, the fitness landscape is 'rugged' in a differential fashion in alternative dimensions of the substrate-activity space.
The catalytic efficiency with AD, which is the lowest of all nine substrates with the wild-type A2*E, is not shown in Figures 1 For each trajectory, all activity values were normalized to the highest catalytic efficiency (100 %) of a given substrate. or 2. However, two intermediates (iG and iGD) displayed 10-fold increases, although three (iD, iH and iDH) were lacking detectable activity, and the sixth intermediate (iGH) had a similar AD activity to GDH and the wild-type enzyme (Supplementary Table S3 at http://www.BiochemJ.org/bj/445/bj4450039add.htm).
As additional characteristics of the GST variants, the catalytic proficiencies [(k cat /K M )/k uncat ] were further determined to assess the magnitude of the catalytic effects. Most GST-catalysed reactions occur spontaneously in the absence of enzyme, but the mutant GDH showed a respectable 1.3×10 6 catalytic proficiency with Aza, exceeding by 3-fold the value for CDNB, which for other enzyme variants is the substrate displaying the highest proficiency (Supplementary Table S3 ).
PCA (principal component analysis) of activity data
Each of the enzymes can be represented by a vector in multidimensional substrate-activity space. Thus each position in the protein sequence landscape is characterized by the functional properties, which will vary from point to point. Proximity can be calculated by Euclidian distances among the vectors as a measure of functional similarity among different enzymes. Hierarchical clustering of the eight GST variants on the basis of their catalytic efficiencies with the nine alternative substrates showed that the evolutionary intermediates iH, iD and iDH were closest to the parental A2*E, whereas iG, iGD and iGH were closest to mutant GDH in ninedimensional functional space (Supplementary Figure S1 at http://www.BiochemJ.org/bj/445/bj4450039add.htm). For a more detailed examination and visualization in reduced dimensions, the data were subjected to PCA. The first three principal components (PC1, PC2 and PC3) explained 47 %, 26% and 12 % of the total variability in the dataset respectively. The score plot of PC1 and PC2 thus accounts for a total of 73 % of the variability in the dataset and indicates the main directions of the trajectories in functional space. Figure 3 shows a loading biplot in which the scores are depicted together with the loadings contributed by the activities with the nine substrates. The loadings located in the same quadrant of the plot are correlated and have similar contributions to the scores (i.e. to the properties of an enzyme variant). Enzyme vectors (scores) located near particular substrates (loadings) are strongly correlated with one another. As expected, mutant GDH is strongly correlated with Aza, whereas A2*E is highly correlated with pNPA in the analysis (Figure 3 ). Intermediates iH and iGD are closest to DiEt and PEITC respectively. 'Generalist' enzymes would appear near the origin of the plot, where iD, iDH and iGH tend to be. However, the detailed interpretation is also dependent on the scaling of the variables, which involves normalizing of the activities to unit variance and mean centring for each substrate. The main conclusion is that the different trajectories could readily take new directions such that activity for an alternative substrate could become the primary selectable trait (Figure 3) . It also appears that an adaptation to enhanced biotransformation of Aza occurs at the cost of decreased activities with pNPA and CuOOH, which were higher at the origin of the evolutionary process (Figure 3 ).
Multidimensional epistasis demonstrated with Aza and alternative substrates
To obtain a glimpse of the activation-energy landscape of the empirical evolutionary trajectories of the evolved GST, we also calculated the energy coupling to identify epistasis along mutational trajectories (Figure 4) . Strong indications for energetic coupling among the three amino acid residues targeted were observed. For example, Aza demonstrated a coupling energy of − 1.51 kcal/mol between residues 107 and 108, because of the significant enhancement in catalytic efficiency (165 mM − 1 ·s − 1 from 4.1 mM − 1 ·s − 1 ), when combining L107G (5.5 mM − 1 ·s − 1 ) and L108D (9.9 mM − 1 ·s − 1 ) in the background of the wild-type enzyme A2*E. Kinetic parameters indicated that the increase in the k cat value by combining L107G and L108D was attributable to the epistatic effect. A similar value for this combination ( − 1.41 kcal/mol) was obtained in the background of iH, in which the F222H change had been made. Obviously, when L107G was coupled with L108D, a strong synergistic effect on Aza activation occurred independently of the genetic background. On the other hand, combining L108D with F222H or L107G with F222H did not indicate significant epistasis irrespective of the corresponding alternative backgrounds. With Aza as the substrate sign epistasis was not observed, since no obvious antagonistic effects were found.
Analysis of the coupling energy with substrates other than Aza revealed that both types of epistasis (synergistic or antagonistic) could occur in the active site. pNPA and DiEt demonstrated similar synergetic epistasis as Aza for the same substitutions (Figure 4 ). On the other hand, the substrates CDNB, PEITC, Non and EA all showed antagonistic epistasis when L107G was combined with F222H in the wild-type framework, but only with CDNB when the same residues were combined in the presence of the L108D mutation. EA was the substrate that showed the most variable results giving sign epistasis, i.e. both highly synergistic and antagonistic effects (Figure 4 ). L107G and L108D showed energy coupling with several substrates, which is reasonable since the residues are adjacent in the protein structure. However, it is noteworthy that L107G and F222H could also interact energetically, indicating a universal existence of energetic interaction among amino acid residues in the active site. These results show that epistasis cannot be accurately defined by a single substrate, but should be regarded as a variable characterized by several dimensions.
Changes in thermostability and expression level upon mutation
Although computational predictions of the effects of mutations on protein stability are far from perfect, the FoldX program has generally demonstrated qualitatively correct results [19] and has therefore been extensively used to predict changes in protein stability upon mutations [20, 21] . In the present study the Gibbs free energy of folding for each GST variant on the trajectories towards GDH was computationally predicted by FoldX [22] , so that the relative contributions of the mutations on stability were determined. The calculated G value for each mutation was in the range between 1.08 and 1.94 kcal/mol, indicating that all of the mutations were thermodynamically unfavourable, irrespective of the order of the mutations introduced along the evolutionary paths ( Figure 5A ). The average G value per mutation was 1.65 kcal/mol. The value reported in the present paper was much larger than the average value for neutral mutations ( G = 0.6 kcal/mol) [9] , and close to other reported values for new-function mutations in human GST (2.08 kcal/mol) [23] [24] [25] . The results of the present study suggested the existence of a negative trade-off between thermostability and the newly evolved function with Aza ( Figure 5B ).
We also investigated the possible correlation between stability and cytoplasmic expression yield of GST variants. A paired Student's t test showed no significant changes in the expression level among the GST variants investigated (P > 0.05). The relative differences in expression, compared with the starting point GST, were all within a factor of 1.3 (Supplementary Figure  S2 at http://www.BiochemJ.org/bj/445/bj4450039add.htm). The results were in agreement with the preliminary screening,
Figure 4 Matrix of energy couplings among the mutations as a measure of differential epistatic effects
Thermodynamic cycles [41, 42] are shown on the left-hand side, and the energy coupling ( G) was calculated for each of the nine possible interactions as described previously [43] , with values (kcal/mol) given for each substrate. Green boxes indicate significant synergistic epistasis, red boxes indicate significant antagonistic epistasis and white background marks small or no effects. Dark green >0.7 kcal/mol light green >0.4 kcal/mol, dark red < − 0.7 and light red < − 0.4 kcal/mol. 
Figure 6 Active-site structure of the GDH mutant in complex with Aza and GSH predicted by MD simulations
The structure is shown in two orientations for clarity and the distance (Å) between the nucleophilic GSH and the reactive carbon in the imidazole ring of Aza is indicated with a broken line, together with the distances (Å) between the active-site residues and Aza.
indicating, in this case, no correlation between thermostability and expression level.
Structure-activity relationships
MD simulations were made in order to understand the importance of the three amino acid residues introduced by the mutations for the binding of the substrate Aza to GST A2-2. (A model for the activated reaction intermediate and the transition state is not yet available.) The protein structure of the wild-type allelic variant C (GST A2-2*C) complexed with glutathione (PDB code 2WJU) was mutated in silico (P110S and T112S) to give the allelic variant E (GST A2-2*E) [26] followed by the three mutations L107G, L108D and F222H to give mutant GDH. The GDH structure was submitted to an MD simulation to obtain a more realistic positioning of the mutated residues. Subsequently, the Aza substrate was docked into the GDH active site, and the protein complex GDH-GSH-Aza was submitted to a 20 ns MD simulation. Figure 6 shows the MD simulation average structure of the H-and G-site pockets. In the mutant enzyme, the mutations L108D and F222H have converted the non-specific hydrophobic H-site into a hydrophilic pocket. The polar Aza purine ring interacts with Asp 108 by a strong ion-dipole interaction and is hydrogen bonded with His 222 (Figure 6 ). These interactions were not present in the parental enzyme A2*E. The L107G mutation appeared to contribute to a slightly narrower and more stable Hsite pocket. Furthermore, it is noteworthy that Phe 111 appeared to establish vdw interactions with the purine ring of Aza, in agreement with the experimental finding that substitution of Phe 111 by other amino acids causes decreased Aza activity [4] . Finally, the imidazole ring interacts directly with Arg 15 (Figure 6 ), in line with its general importance for the catalytic function of alpha class GSTs [27, 28] . Even though substrate binding is not a ratelimiting step in the catalytic mechanism, the MD results are in full agreement with the favourable effects of the mutations on the catalytic efficiency with Aza.
DISCUSSION
The present study is focused on a subset of trajectories in sequence space defined by progressively enhanced enzyme activity with Aza. It illustrates how a limited number of point mutations in different combinations can lead to a monotonic increase in fitness with respect to one selectable marker. However, these changes of activities in the fitness landscape have projections in many alternative dimensions (Figure 1 ). The examination of nine alternative substrates among the myriad of the potential GSTs substrates illustrates the potential of alternative responses to alternative selectable markers. Assuming that several toxins have to be detoxified efficiently for the survival of an organism expressing the GST, one of them may be the primary toxic agent in the original phase of evolution. However, when conditions change such that a second toxic compound gains the primary importance, the selection may switch from the path favouring the evolution of activity to the first substrate and benefit from the promiscuity of the enzyme. In this case the very same evolutionary path of the enzyme in sequence space does not reach a dead end, but will transit to be primarily governed by another dimension of the same trajectory in multidimensional substrate-activity space. For illustration, let us assume that CDNB has the original primacy as expressed in the wild-type enzyme A2*E. Figures 1 and 2 show that for alternative pathways the CDNB activity is diminished from the original one. Nevertheless, in parallel to this decrease, the activities with the alternative substrates PEITC and Aza are enhanced. Thus the trajectory of activity in sequence space has multiple dimensions and the fitness landscape is accordingly convoluted to an extent that is rarely considered explicitly in the analysis of enzyme evolution.
The substrates used in the present study were chosen on the basis of their diverse chemical transformations and not as possible drivers of GST evolution in vivo. However, a study of Drosophila mojavensis transcriptomes illustrates that ecology can govern gene expression of GSTs and other enzymes [29] . D. mojavensis is cactophilic and can use different cactus hosts, and larvae of the flies living in necroses of different cactus species are exposed to very distinct environments of chemical toxicants. Indeed D. mojavensis third instar larvae subjected to a cactus host shift demonstrated differential regulation of GSTs and other enzymes involved detoxication. Furthermore, a subset of the differentially expressed genetic loci appeared to have arisen de novo in the D. mojavensis lineage. It is a reasonable assumption that an altered composition of the toxicants in the ecological niche could alter the evolutionary trajectories of protective enzymes. It should also be noted that such multidimensional nature of fitness landscape in distinct environments is also gaining more interest concerning reverse adaptations within the evolutionary genetics community [30] .
Promiscuity, or alternative-substrate acceptance, is well recognized as a divergence from the notion that enzymes are specific for their substrates [31, 32] . In spite of numerous studies on the directed evolution of enzyme catalysts, the present study may be the first to systematically investigate possible alternative evolutionary trajectories targeted to an engineered enzyme in multisubstrate-activity space. In the present study we used PCA to achieve dimension reduction, such that not only the walk in sequence space could be tracked, but also generalist enzymes and specialist enzymes could be distinguished in the alternativesubstrate-activity space. The data were normalized to unit variance so that each substrate would contribute equally to the analysis, irrespective of the absolute value of the kinetic parameters. We recognize that in a real biological setting the scaling of enzyme activities should be made in accordance with the ambient concentrations and toxicities of the relevant substrates, but in illustrating the principles it was decided to let all variables come into play without taking environmental conditions into account. The fundamental question that we wanted to address was whether a local optimum of a particular single activity would necessarily lead to an evolutionary dead end. An alternative scenario would be that other factors gain prominence as selectable traits, and that Darwinian evolution can proceed as a result of the multidimensional nature of the functional trajectory. Indeed, our results demonstrate that the evolutionary trajectories allow different outcomes in response to altered selective advantages based on the activities with alternative substrates. Furthermore, the propensity for alternative trajectories was found to depend on the substrate providing selective value. Such multidimensional epistasis has to our knowledge not previously been described in enzyme evolution. However, in a more general context of genetics, the multidimensional nature of epistasis has been previously recognized [33, 34] . It should also be noted that the overall fitness of each biocatalyst under biological selection is affected by the presence or even evolution of other isoenzymes [35] as well as possible changes in environmental substrate concentrations [36] , thus introducing further complexity to the evolving system.
Early dead ends of enzyme evolution may occur not only because of evolutionary traps based on low catalytic efficiency, but also owing to the accumulation of destabilizing mutations through the mutational paths. Enzymes are only marginally stable, with G folding of about − 5 to − 15 kcal/mol [37, 38] . Moreover, the flux of destabilizing mutations is reportedly more than 20-fold larger than that of stabilizing mutations [39] . Although generation of a high level of molecular diversity by introducing point mutations is not an experimental constraint, only a handful of mutations are recommended to be introduced simultaneously from the perspective of thermodynamic stability. Stability changes due to mutations accumulated through evolutionary trajectories were computationally calculated in the present study. The average G per mutation towards GDH variant was significantly destabilizing GST, with a value of 1.65 kcal/mol. In other words, in the absence of compensatory stabilizing mutations, not more than a handful of mutations would be tolerated in the case of GST redesign. Focusing the limited number of mutations on active-site residues crucial for catalysis is therefore of primary importance in rational evolution.
Decreased expression of functional enzymes due to impaired thermostability may also be problematic in finding the rare desired mutant among the very large number of variants. Interestingly, no correlation between expression level and thermostability along the trajectories was observed. Expression levels of all of the members along the mutational paths were of the same order of magnitude as the parental GST. The lack of correlation between expressitivity and thermostability was also observed in a previous attempt of rational engineering of cytochromes P450 2B6 and 2B11 [40] .
In conclusion, the multidimensional nature of enzyme evolution in terms of alternative-substrate acceptance, physicochemical properties, and the network of interactions with other proteins and cell components (not investigated in the present study) are presenting a complex interplay of alternative opportunities of Darwinian evolution, even though they are also setting its boundary conditions. 
Figure S1 Dendrogram showing distances among the eight GST variants in nine-dimensional substrate-activity space
The tree is based on hierarchical cluster analysis and shows clusters on the basis of the vertical co-ordinate. The distance measure (in arbitrary units) indicates the increase in variance when clusters are merged.
Figure S2 Detection of GST overexpression using Western blotting
The analysis revealed, on average, no significant differences in expression among all of the variants along mutational trajectories. Results are means + − S.D. for triplicate measurements. 
